The scalability and transferability of the biochemical methane potential (BMP) data generated in these trials will help take the results and apply them in larger-scale systems. Many factors including feedstock characteristics, reactor design, and operational conditions may affect the performance of AD processes, either by process enhancement or inhibition (Babaee and Shayegan, 2011) . Important feedstock parameters include volatile solids (VS) content, chemical oxygen demand (COD), biological (biochemical) oxygen demand (BOD), carbon to nitrogen ratio (C/N), and presence of inhibitory substances (Babaee and Shayegan, 2011; Kwietniewska and Tys, 2014) .
All types of biomass can be used as feedstocks for biogas production as long as they contain carbohydrates, proteins, fats, cellulose, and hemicelluloses as the main components (Weiland, 2010) . The gamut of biomass resources amenable to AD includes agricultural wastes, municipal solid waste (MSW), food waste, industrial waste and wastewater, and crops. Biomass resources differ significantly in parameters that influence biogas production. This affects their potential for biogas production by AD. In order to optimise the AD process, it is important to know the potential production of biogas for a given feedstock (Schievano et al., 2009 ).
Anaerobic biogasification potential (ABP) and BMP are parameters used in evaluating biogas and methane potential of organic materials (Schievano et al., 2008) . The BMP is often defined as the maximum volume of CH 4 produced per g of VS substrate (Esposito et al., 2012) . It provides an indication of the biodegradability of a substrate and its potential to produce CH 4 via AD (Sell et al., 2010) . Such information allows a direct assessment of biogas yields achieved by the AD process (Schievano et al., 2008) . The BMP is also a good method for establishing baseline performance data of AD (Speece, 1996) .
BMP assays have been widely used to determine the CH 4 yield of organic substrates in AD (Gunaseelan, 2004 ). This premise is well established in the literature. In addition, BMP assays have been useful tools for determining the best substrates for co-digestion configurations (Nielfa et al., 2015) . Over the years, a large number of papers dealing with anaerobic biodegradability tests for substrates of different origins have been published (Angelidaki, 2009 ). Typical papers have focused on either single specific methods or a narrow range of methods. This is less often with emphasis on comparative analysis. However, the importance of BMP in AD cannot be overemphasised. This paper provides a review of the disparate methods that have been used to determine BMP of various feedstocks. These include theoretical and experimental methods. A special focus is placed on their efficacy, advantages, and disadvantages.
Types of Feedstocks
It is important to start by providing a typology of the feedstocks that are used in AD. Almost all types of biodegradable biomass can be used as feedstock for the AD process. Types of biomass resources used in AD include animal manure, MSW, sewage sludge, food waste, and crops. A brief description of the various feedstocks is provided in this section.
A
Animal manure is one of the common feedstocks for AD. Historically, animal manure has been the most common substrate for biogas production in AD process. There are significant populations of livestock in many countries. Livestock produce large amounts of manure which are suitable substrates for AD. Manure is a mixture of faeces and urine, and its chemical composition varies markedly depending on the chemical characteristics of the feed consumed by the animal. Animal manure comprises huge amounts of lignocelluloses, polysaccharides, proteins, and other biomaterials (United States Department of Energy; USDE, 2003) . The compositions of these parameters in manure produced by different animals are presented in Table 1 .
MSW and food waste
The food industry and municipal authorities produce various types of organic wastes. These include food wastes (FW) and MSW. The wastes consist of several different fractions of organic and inorganic nature. MSW is traditionally sorted into six categories, which are: food residue, wood waste, paper, textiles, plastics, and rubber as shown in Table 2 (Zhou et al., 2014) .
Separation of MSW into the putrescible organic fraction has been known to provide a good quality feedstock for AD (International Energy Agency; IEA, 2013). This fraction of MSW is called the organic fraction municipal solid waste (OFMSW). The OFMSW is characterised by high moisture and high biodegradability due to a large content of food waste, kitchen waste, and leftovers from residences, restaurants, cafeterias, factory lunch-rooms, and markets (Zhang et al., 2007; Lebersorger and Schneider, 2011) .
The most predominant fraction of the OFMSW is FW (Browne and Murphy, 2013; De Clercq et al., 2016). FW consists of kitchen waste and food processing waste (Ye et al., 2015) . Its composition is heterogeneous and varies from place to place. The chemical composition of FW is presented in Table 2 . FW composition is also determined by whether the waste has been segregated on the basis of source or is from a co-mingled source, separated at materials recovery facility (Allen et al., 2013) . FW is easily biodegradable and has high methane potential yield (Strong et al., 2016 ).
Crops and their residues
A number of crops demonstrate good biogas production potential. Different cereal crops and perennial grasses have potential as energy crops. Many forage crops produce large amounts of easily degradable biomass which is necessary for high biogas yield (Braun et al., 2009 .
hectare (Weiland, 2010) . Other factors considered include optimum time of harvesting and methane yield per hectare (Amon et al., 2007) . Non-food crops can also be used for biogas production. Examples are Jatropha curcas L. press-cake (Jingura et al., 2010; Navarro-Pineda et al., 2016) and Arundo donax L. (Corno et al., 2014) . A. donax has been used in codigestion with animal slurries and/or other biomasses (Corno et al., 2014) . Production of biogas by AD of J. curcas press-cake has been demonstrated. The observed biogas production from J. curcas press-cake was about 60% higher than cattle dung and the gas contained 66% methane (Singh et al., 2008) .
Several crop residues including cotton, maize, and rice residues have shown high potential for AD (Isci and Demir, 2007) . However, high lignin content of some straws and other residues can lead to poor biodegradability and low biogas production. Table 3 shows the dry matter and lignocellulose contents of selected crops and crop residues. Pre-treatment of lignocellulosic materials improves biodegradability and the biogas production, and decreases the hydraulic retention time (Ertem, 2011; Chandra et al., 2012) . In an investigation, Chandra et al. (2012) provided a good review of biomethane production from lignocellulosic agricultural wastes. They obtained 87.5% higher biogas yield and 111.6% higher CH 4 yield from NaOH pre-treated wheat straw compared with non-treated wheat straw substrate. A similar study by Nges (2012) produced viable methane yield through pre-treatment, nutrient addition, and co-digestion of crop and waste biomass.
Sewage sludge
Worldwide the anaerobic stabilization of sewage sludge is probably the most prevalent AD activity. Sewage sludge is produced in large quantities in urban areas all over the world. It is a vast resource that has high biodegradability. Wastewater treatment facilities use anaerobic digesters to break down sewage sludge and eliminate pathogens in wastewater (Scaglia et al., 2014) . The AD of sewage sludge provides significant benefits as it leads to the production of energy in the form of biogas and help waste management. In the Europe, typically between 30% and 70% of sewage sludge is treated by AD (IEA, 2009). Most developing countries lack sanitation facilities, therefore, AD is in most cases the only treatment of wastewater (Noyola et al., 2006 ).
Factors affecting BMP
The biogas yield of the individual substrates varies considerably depending on their origin, content of organic substance, and substrate composition (Weiland, 2010) . Chemical constituents of biomass resources include carbohydrates, proteins, fats, cellulose, and hemicelluloses as main components. Feedstocks differ markedly in their chemical composition. As such, the amount and the composition of biogas vary from one substrate to another (Mayer et al., 2014 ).
Raw material composition
Methane yield vary for different chemical constituents of the same feedstock. Basegra (1998) cited by Weiland (2010) , provided maximal gas yield and theoretical methane contents for carbohydrates, fats, proteins , and lignin that are shown in Table 4 . Fats and proteins produce more methane than carbohydrates and lignin is not biodegradable under AD.
Total and volatile solids
Total solids (TS) indicate organic and inorganic portion of matter. OM is measured by the amount of carbon in a feedstock (Hamilton, 2012) . TOC is the total organic carbon in feedstocks. VS are the OM component of TS. Methane production is directly related to VS degradation (Moody et al., 2009 ).
The TS content of feedstock influences AD performance, especially biogas production efficiency (Pavan et al., 2000) . Systems used in AD are classified according to the percentage of TS in the feedstock (Yi et al., 2014) . There are 2008) showed that biogas and methane production decreased when the TS contents increased from 20% to 30% in dry batch AD of food waste. There is evidence that methane yield increases with increasing content of volatile products and less hemicelluloses (Gao et al. 2012 ). Biomethane yield is affected by VS content (Mayer et al., 2014) . In fact, there is a high correlation between VS and both ABP and BMP (Mayer et al., 2014 ).
Chemical and biological oxygen demand
COD is used to quantify the amount of OM in feedstocks and predicts the potential for biogas production (des Mes et al., 2003). Theoretical methane yield can be calculated from the COD of a substrate (Kwietniewska and Tys, 2014) . Biogas production in relation to COD is about 0.5 L g -1 COD removed, corresponding to a methane production of approximately 0.35 L g -1 of COD removed (Angelidaki and Sanders, 2004 ). Another widely used parameter is the BOD which is a measure of the oxygen used by microorganisms to decompose OM. BOD is similar to COD in that both measure the amount of OM. Examples of typical BOD values are: pig slurry 20,000 -30,000, cattle slurry 10,000 -20,000 and wastewater 1000 -5000 mg L -1 (Korres et al., 2013).
Carbon/nitrogen ratio
The C/N ratio represents the relationship between the amount of nitrogen and carbon in a feedstock. A feedstock C/N ratio of 25:1 produces optimal gas production (Gerardi, 2003) . The optimum range of C/N ratio for AD is 20-35:1 (Kwietniewska and Tys, 2014) . A low ratio means that the material is protein rich. AD of such material results in increased content of free ammonia that causes high pH leading to methanogenic inhibition (Khalid et al., 2011) . A high ratio causes rapid depletion of nitrogen causing lower gas production. reported an interactive effect between temperature and C/N on AD performance. They rereported that when temperature was increased, a higher C/N ratio would be required in order to reduce the risk of ammonia inhibition. Typical C/N ratios for some feedstocks are: cattle manure 13:1, chicken manure 15:1, grass silage 25:1 and rice husks 47:1 (Dioha et al., 2013).
Inhibitory substances
Feedstocks may contain substances that can inhibit AD. The levels of inhibitory substances in feedstocks need to be managed and guidelines are available. A material may be judged inhibitory when it causes an adverse shift in the microbial population or inhibition of bacterial growth (Chen et al., 2008) .
The inhibitors are commonly NH 3 , H 2 S, and heavy metals (Gerardi, 2003) . Free NH 3 is the main cause of inhibition since it is freely membrane- 
A gronomic practices
Nowadays there are efforts to improve the biomethane yield from cropbased feedstocks. In order to optimise biomethane yield from crops, factors that influence BMP and biomass yield should be identified and managed (Mayer et al., 2014) . Factors such as agro-climatic conditions, soil characteristics, plant varieties, and agronomic practices influence both the composition and yield of crops. The biomass composition then influences the ABP and the methane content in the biogas leading to various BMP values (Schittenhelm, This was attributed to high starch and low lignin content of maize cv. Agrogas. In a study by Sepalla (2013) 4 ha -1 ) = BMP (m 3 CH 4 t -1 ) × biomass yield (t ha -1 ) (Eq. 1) . It was concluded that the cropping environment was responsible for most of the variation of the biomethane yield per hectare. They also reported a decrease in biomethane yield with stage of maturity of the maize crop. This can be ascribed to increased content of structural carbohydrates and lignin in the plants.
Stage of maturity of a crop affects its chemical composition, which in turn affects BMP. However, Schittenhelm (2008) reported that despite substantially different nutrient concentration among some maize hybrids used in a trial, no clear-cut association existed between chemical composition and specific methane yield. This variation could be due to variation in chemical content within critical limits to affect BMP.
Methods for determining BMP

Types of methods
Numerous alternative options have been proposed to estimate the BMP of organic substrates (Hansen et al., 2004) . Basically, the methods use the 
Experimental methods
BMP test
The BMP test is the most widely used technique to determine BMP and ascertains the effectiveness of AD process and the biodegradability of substrate (Esposito et al., 2012) . It is a laboratory-scale batch assay of 30-100 d of sample's AD (Godin et al., 2015) . BMP test provides important information that can be used to develop mathematical models for prediction of BMP of feedstocks (Angelidaki et The BMP test has several variants. There have been several trials to define a standard protocol for ultimate BMP test in order to achieve comparable results. As of the year 2012, standardisation was not met (Esposito et al., 2012 ). More recently, Koch et al. (2015) reported that despite the wide use of BMP test, no commonly accepted experimental procedure yet exists that is based on a standardised protocol for the execution of the test. This can be attributed to the fact that AD is a very complex and dynamic system in which microbiological, biochemical, and physio-chemical characteristics are closely related (Angelidaki et al., 2009) .
It is worth noting that despite lack of agreement on standard protocols, some BMP procedures exist that are used by various researchers. The three commonly used methods include the German standard procedure, Verein Deutscher Ingenieure (VDI) 4630 (VDI method), the Møller method and the Hansen method (Pham et al., 2013 ). These methods vary in their operational conditions as shown in Table 6 . The VDI method provides information regarding the methodology for performing fermentation tests in batch and continuous mode (VDI 4630, 2006). Several techniques including manometric, volumetric, and gas chromatography methods can be used to measure gas production (European Communities; EC, 2002). Volumetric methods measure the amount of biogas or only the volume of methane generated during AD of compound. The volume is either measured by displacement of a piston of syringe or as part of the reactor or by water displacement technique (EC, 2002). The manometric techniques derived from Warburg's respirometer measure the gas produced in constant volume by pressure increase by a differential manometer (EC, 2002).
The amount of CH 4 and CO 2 of the biogas that ends up in the headspace of closed vials is measured by means of gas chromatography (GC) (EC, 2002).
Standard protocols provide information that clearly demonstrate the setting of parameters that considerably influence the test results. These parameters include temperature, pH, stirring intensity, physico-chemical characteristics of substrates, and substrate/inoculum (S/I) ratio (Esposito et al., 2012) . Effects of these parameters on the efficacy of the BMP test are summarised in Table 7 .
Most of the BMP tests described in the literature are conventional tests. Nowadays, automatic BMP tests with greater precision, and minimum time and labor requirements have been developed (Shi, 2012 ).
Conventional BMP test
The general principle of the conventional BMP test is to mix an organic feedstock with an inoculum in distinct operational conditions, and physically quantify the gas produced by manometric or volumetric method. The biogas composition is determined by GC (Esposito et al., 2012 The technical approaches and experimental set up of BMP test vary significantly (Rodriguez, 2011). For example, a BMP test described by Zaman (2010) consisted of 250 mL reagent bottles, and rubber serum caps, gassed with a mixture of 30% CO 2 and 70% N 2 for 15 min, then plugged and equilibrated at incubation temperature. The gas evolved was measured volumetrically by a syringe, and the CH 4 content was calculated as the difference between background values obtained from seed blanks and from the sample totals (Zaman, 2010).
The specific methanogenic activities (SMA) test on anaerobic biomass is also an important assay to traditionally evaluate the biochemical activities of organisms present in the biomass (Jijai et al., 2014) , and the CH 4 -producing potential for a particular substrate at the concentration level where the presence of substrate is not a limiting factor (Hussain and Dubey, 2017) .
The SMA is determined by mixing known quantities of biomass and supplementary substrate in a serum bottle in concentrations enough to allow maximum biogas activity (Jijai et al., 2014) . The whole test is carried out in a controlled cabin at 35°C. The resultant CH 4 gas production is estimated by liquid displacement technique (Hussain and Dubey, 2017) . The amount of COD and volatile suspended solids (VSS) are also determined using the standard methods. Plotting the CH 4 production (g COD) against time (d) and divided by g VSS added is used to estimate the SMA. The SMA is given as methane produced (g CH 4 -COD) g -1 VSS (added) (Hussain and Dubey, 2017) .
The ABP is yet another potential conventional assay that can directly determine the biogas output in AD processes. The assay is regarded as the same as the BMP test (Schievano et al., 2008) . It is also criticised for being time-consuming as it requires up to 60 d (Schievano et al., 2009 ). In the case of ABP assay, the batch tests are conducted in sealed serum bottles containing an inoculum, sample, and de-ionised water. The bottles are flushed with nitrogen atmosphere followed by incubation for approximately 60 d at 37°C, until no more biogas is produced (Schievano et al., 2008) .
Biogas production is measured at intervals either qualitatively or quantitatively. Qualitative biogas assay is done by GC while the extrapressure gas is withdrawn by a syringe to quantitatively estimate biogas production (Schievano et al., 2008) . GC is an optimal analytical tool for measuring components such as CH 4 , CO 2 , H 2 S, and siloxanes that constitute biogas (Zaman, 2010). 
utomatic BMP test
In order to reduce demerits of the conventional BMP test, new instruments have been designed to analyse the AD process as well as biogas yield and composition. One such instrument is the Automatic Methane Potential Test System (AMPTS) developed by the Bioprocess Control Sweden Company (Shi, 2012) . Although the AMPTS removes CO 2 and other acid gas in the biogas before estimating the CH 4 yield, the instrument utilises the basic principle of the conventional BMP test. Methane production is directly measured on-line by means of liquid displacement and buoyancy method. The AMPTS provides high quality data with minimum labour requirements (Shi, 2012) . Angelidaki et al. (1998) developed a computerised automatic biogas activity monitoring (BAM) system for assessing the production of gas in closed vials. The system was applied to monitor the specific biogas activity of granular sludge from an upflow anaerobic sludge blanket reactor (Angelidaki et al., 1998) . The BAM test consists of granular sludge seed mixed with sodium bicarbonate buffer in serum vessels sealed with butyl rubber corks. The reactors are incubated together with constant stirring.
The components of the system include a pressure transducer to assess the pressure accumulation by a motor driven multiport sampling port in a sequence of up to 16 test vessels. The multiport port is connected by means of an interface power circuit to a standard PC computer equipped with I/O card to measure the amount of gas evolved (Zaman, 2010).
Spectroscopy
Spectroscopic techniques determine the absorbance, transmission, diffusion, or fluorescence of radiation in the ultraviolet (UV), visible (VIS), and infrared (IR) range (Spanjers and van Lier, 2006; Esteves et al., 2012) . The basic components of spectroscopic instruments encompass a radiation source, a wavelength selector, sample cell, reagent dosing unit (for VIS spectrometry), detector, as well as data treatment and readout unit, and best suit automated in-line measurements (Spanjers and van Lier, 2006) . Spectroscopic techniques include atomic spectroscopy which measures substances in gaseous phase after volatilisation and molecular spectroscopy which measures substances directly in liquids (Spanjers and van Lier, 2006) . IR spectroscopy methods rely on bond interactions. These methods contain information on the structure of dissolved compounds and identify components by comparison of a spectrum with reference spectra (Spanjers and van Lier, 2006) . Common examples of IR spectroscopic instruments are near-infrared spectroscopy (NIR) and the Fourier transform midinfrared spectroscopy (FTIR). IR spectrum methods can monitor aromatic and aliphatic hydrocarbons, and chlorinated hydrocarbons (Spanjers and van Lier, 2006) . The Envital ® kit based on fluorescence redox indicator is a tool in its infant stages for determining BMP (Bellaton et al., 2016) . Table 7 . Effects of some process parameters that influence the BMP test.
Parameter Effects References
Temperature -Increasing digestion temperatures increase CH4 yield Chae et al. (2008) -A sharp rate of temperature rise can diminish CH4 production -There are two ranges of temperature for optimal bacterial activity, defined as mesophilic (25- 
Near-infrared spectroscopy
NIR is a useful tool for quantitative prediction of compounds in pharmaceutical, food, and agricultural industries (Ward, 2016) . Recently, it has emerged as a simple and cheap alternative to several laboratory methods for the quantification of BMP (Ward, 2016) . The method has been used in conjunction with sophisticated chemometrics to determine BMP (Bekiaris et al., 2015) . NIR radiation varies from 12,821 and 3,959 cm -1 . This is an ideal range for quantification of compounds as compared to mid-infrared spectroscopy (MIR) that has limitations due to interference with water. NIR spectroscopy method is sensitive to C-H, N-H, and O-H bond interactions. Thus, compounds with these bonds are considered to be IR active, and can be measured directly (Ward, 2016) . NIR spectrum can predict enzymaticallydigestible OM (eDOM) of organics with properly simulated models (Godin et al., 2015) .
The prediction performances based on NIR spectrum are exceptionally good (Godin et al., 2015) . The NIR-based prediction models provide an indirect fast, inexpensive, and simple way to predict the BMPs of various feedstocks (Godin et al., 2015) . The method has been used for estimating the BMP of meadow grasses (Raju et al., 2011) , fibrous plant biomasses (Triolo et al., 2014) , numerous organic substrates (Lesteur et al., 2011; Doublet et al., 2013) , and Miscanthus giganteus, switch grass, spelt straw, fibre sorghum, tall fescue, and fibre corn (Godin et al., 2015) . However, before the NIR is operated, many barriers need to be overcome, especially with respect to uncertainty due to the poor standard error of laboratory of the reference method (Ward, 2016 ).
Fourier transform mid-infrared spectroscopy
The first efforts to measure BMP using FITR were performed by Bekiaris et al. (2015) . The technology has been proven to be suitable for in-line determination of volatile fatty acids (VFA), alkalinity, COD, and TOC (Spanjers and van Lier, 2006) . FITR utilises just a small amount of the sample determination, and requires the interpretation of the obtained spectra which is more difficult with NIR spectroscopy due to overlapping overtones and combination bands (Bekiaris et al., 2015) .
The instrument is not new, but modifying with highly sensitive microphones have provided an advanced version of the FITR, and diversified its uses. The conventional FITR is merged with the photoacoustic detector to form the FTIR-photoacoustic spectroscopy (FTIR-PAS) (Bekiaris et al., 2015) . The major drawback of reflectance or transmittance detection with conventional FTIR is that the measurement is influenced by the redistribution of light as a result of scattering effects and diffraction processes (Kizil and Irudayaraj, 2013) .
The fundament of FTIR-PAS is to create a thermal wave from the vibration of molecules as a result of the infrared and the sample interface (Bekiaris et al., 2015) . The thermal wave generates thermal expansion and pressure oscillation in the surrounding gas. This is detected as an acoustic signal by the microphone (Bekiaris et al., 2015) . According to Kizil and Irudayaraj (2013) , the acoustic signal is equivalent to the quantity of IR radiation in the sample. This permits the technology to be applicable on dark and opaque samples, and thus eliminates the scattering effects and diffraction processes of the traditional FITR (Kizil and Irudayaraj, 2013) . To date, the FTIR-PAS has been applied by Bekiaris et al. (2015) to determine the BMP of various plant biomasses and the chemical components of plant materials that are associated with BMP.
The Envital ® kit
Recently Bellaton et al. (2016) introduced a rapid assay based on fluorescence, the Envital ® kit, to estimate anaerobic biodegradability of sewage sludge. This is a tool still in early stages of development. The assay produces results in 48 h. It uses a fluorescent redox indicator.
Comparison of the results with AMPTS II confirmed the estimated values of BMP according to an uncertainty limit of 25% (Bellaton et al., 2016 ).
Theoretical methods
Regression models have also been used to estimate BMP (Triolo et al., 2011) . These methods are fast. Theoretical studies are significant, especially in cases where access to laboratory facilities is limited (Thomsen et al., 2014) .
Thorough data collection is required to obtain relevant data for determining potential regression models.
Several theoretical approaches are available to estimate BMP (Labatut et al., 2011) . These assume that the substrate will be completely degraded and the use of the substrate by microorganisms as an energy source is insignificant (Forgacs, 2012) . The main drawback associated with theoretical approaches is that the accuracy of each method mostly relies on the data of substrate composition and its biodegradable fraction, in particular (Labatut et al., 2011) . In addition, the calculated BMP by theoretical methods cannot represent a realistic picture of BMP as it is often higher than the measured CH 4 (Labatut et al., 2011) . The potential degradation may be limited by biodegradability and ultimate production of inhibitors (Teghammar, 2013) . Theoretical BMP can be estimated from elemental composition, chemical composition/component composition, and COD of a given biomass (Forgacs, 2012).
Elemental composition
The elemental composition (carbon (C), hydrogen (H), oxygen (O), sulphur (S), and nitrogen (N)) of a substrate can be applied to calculate theoretical BMP. An example is the Buswell formula (Labatut et al., 2011; Thomsen et al., 2014) . This stoichiometric formula was derived by Symons and Buswell (1933) from theoretical and laboratory studies of AD of carbohydrates (Thomsen et al., 2014) . The Buswell equation is based on the assumption that OM (e.g., C n H a O b ) is completely degraded to CH 4 and CO 2 (Wang, 2016) . The other product of AD is ammonia (Thomsen et al., 2014) . The Buswell formula (Eq. 3) is computed from the following chemical sum formula of the organic material: The Buswell formula can be applied to estimate BMP of cellulose, hemicellulose, protein, lipids, and so on of biomass, provided the proximate composition data are given, and the substrate is biodegradable. In this circumstance, exceptions are non-degradable biomass components such as ash and lignin (Thomsen et al., 2014) . The Buswell equation has been used to predict the BMP of various substrates. For example, the BMP of lipid and cellulose were estimated at 1 018 L kg -1 and 415 L kg using Equation 5 (Feng et al., 2013) . The modified Dulong formula can also be applied to estimate the theoretical maximum CH 4 yields of all types of wastes . This is based on energy value of the feedstock that is estimated from its elemental composition. For example, given the CH 4 energy value of 37.78 MJm -3 , the theoretical maximum CH 4 value was estimated at 560 L CH 4 . energy (f e ) and which fraction is used for synthesis of cellular material (f s ) (Labatut et al., 2011) . Microbially-mediated reactions are redox reactions and involve the transfer of electrons (Zhou, 2010) . Electron donors include carbonaceous compounds such as glucose, methanol, ethanol, acetate, aspartate, or formic acid as well as industrial wastes consisting of molasses, whey, distillery stillage, and sulphite waste liquor while nitrates or nitrites are electron acceptors (Zhou, 2010) . Like the Buswell formula, this method does not consider biodegradability (Labatut et al., 2011 ).
Chemical composition analyses
The feedstock chemical characteristics such as the chemical composition (lignin, cellulose, hemicelluloses, starch, total soluble sugars, proteins, and lipids) can determine the gas generation by AD (Godin et al., 2015) . The method is applicable in cases where elemental composition of the substrate is unknown. This can be done economically within a short period of time. The chemical composition analysis is a more rapid and cheaper method than the BMP test, provided appropriate models are developed and applied (Godin et al., 2015) . Rath et al. (2013) has provided empirical evidence to show that the chemical composition of corn (lignin, total soluble sugars, hemicelluloses, and lipids) gives a consistent model for estimation of BMP. At least two variables are required to build a reliable model (Godin et al., 2015) . The chemical composition of fruit and vegetable wastes, sorghum and napier grass (carbohydrate, protein, acid detergent fibre, lignin and cellulose contents of substrate) were used to predict the ultimate methane yield (Gunaseelan, 2007) .
Chemical oxygen demand
COD indirectly measures the amount of organic matter, and for that reason, it can be applied to estimate the CH 4 yield of biomass substrate (Forgacs, 2012 ). This method is based on the assumption that 1 mole of methanerequires 2 moles of oxygen to oxidise carbon to carbon-dioxide and water (Eq. 7). Every g of methane is thus equivalent to 4 g of COD (Forgacs, 2012 
Summary of advantages and disadvantages of various methods
Some advantages and disadvantages of the various methods of BMP determination have been given in the preceding sections. Table 8 provides a summary of the advantages and disadvantages of various methods.
It is clear in Table 3 that the BMP test scores high on validity and reliability of its results. This is mainly because it uses feedstocks in experimental conditions that mimic AD conditions in real practice. However, its main disadvantage is the time needed to obtain results, in comparison with other methods.
It should be pointed out that spectroscopy and theoretical methods have application in certain circumstances. Both are widely used and have produced reliable results. Their main disadvantage is that they are not based on in situ test parameters. What is worth noting is the continued work to improve the reliability and validity of these methods.
Conclusions
Several tools exist to determine the BMP of feedstocks. These range from theoretical to experimental tools. The BMP assay is a good toolkit to use for the determination of BMP. It has high reliability and validity as it is based on conditions that approximate practical AD processes. This paper has presented the advantages of the BMP test when compared with other methods. The issue of time consuming is debatable and can be easily counteracted by the quality of the results.
The paper has also shown the utility of spectroscopy and theoretical methods in determination of BMP. More interestingly, this is juxtaposed with the BMP test. Thus, the paper provides data on technical aspects of the methods, their advantages and disadvantages in a synchronous manner. This facilitates easy comparative analysis and shows the trend towards improvement of the methods.
